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FOREWORD 


The  Office  of  Civil  Defense  (OCD),  under  Work  Order  No.  OCD-05-63-77 
"Engineering  Advisory  Services,"  and  indorsements  thereon,  requested  the 
U.  S.  Array  Engineer  Waterways  Experiment  Station  (WES)  in  cooperation  with 
the  Office,  Chief  of  Engineers  (OCE)  and  the  Stanford  R-^search  Institute 
(SRi)  to  develop  a  long-range  program  of  needed  research  on  building 
elements  of  blast-loaded  stitictures. 

Acknowledgement  is  made  to  the  following  personnel  who  provided 
valuable  guidance  and  review  assistance  during  the  preparation  of  this 
report:  Messrs.  Norbert  E.  Landdeck  and  George  N.  Sisson,  OCD; 

Messrs.  Raymond  F,  Stellar  and  Martin  D.  Kirkpatrick,  OCE;  and  Mr.  James  F. 
Halsey,  SRI. 

This  report  was  prepared  by  Dr.  Eugene  F.  Smith  and  Mr.  Don  R. 

Denton,  Chief  and  Engineer,  respectively,  Structural  Dynamics  Section, 
Protective  Structures  Brancif,  Nuclear  Weapons  Effects  Division  (NWED). 

The  references  listed  in  AppendiiT  C  were  compiled  by  Mr.  Gayle  E. 

Albritton,  Engineer,  Structural  Dynamxcs  Section,  Protective  Structures 
Branch,  NWED, 

The  reconanended  program  was  developed  under  the  general  supervision 
of  Mr.  Guy  L.  Arbuthnot,  Jr.,  Chief,  NWED,  and  under  the  direct  supervision 
of  Messrs.  W.  J.  Flathau,  Chief,  Protective  Structures  Branch,  and 
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J.  V.  Dawsey,  Jr. ,  Chief,  Weapons  Data  Application  Section,  Protective 
Structures  Branch. 

Director  of  the  WES  during  the  development  of  this  program  was 
Col.  John  E.  Oswalt,  Jr.,  CE.  Technical  Director  was  Mr.  J.  B.  Tiffany. 
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RECOMMENDED  LONS-RAMGE  RESEARCH  PROGRAM 
FOR  BLAST-LOADED  STRUCTURES 

INTRODUCTION 

'-The  Office  of  Civil  Defense  (OCD)  is  responsible  for  planning  and 
providing  fallout  shelter  spaces.  Reinforced-concrete  and  masonry- type 
structures  are  efficient  material  systems  for  protection  from  gamma  radia¬ 
tion  (fallout)  and  are  utilized  extensively  as  fallout  shelters.  A  need 
now  exists  for  Information  with  which  to  evaluate  the  inherent  protection 
provided  by  existing  fallout  shelters  against  airblast  loads  in  low  over¬ 
pressure  regions. 

It  is  known  that  conventional  structures  provide  some  inherent  pro- 

1* 

tection  against  the  blast  effects  of  nuclear  weapons.  However,  little 
is  known  concerning , the  ultimate  dynamic  strength  and  behavior  of  conven¬ 
tional  building  elements,  and  even  lass  is  known  about  the  ultimate  dynamic 
strength  of  structural  subassemblies  and  complex  structxiral  systems.  Struc¬ 
tural  subassemblies  are  defined  for  purposes  of  this  report  as  three- 
dimensional  building  elements  and/or  two  or  more  integrally  connected  two- 
dimensional  elements. 

In  ^is  repo’.-t,  short-  and  long-range  uro^i’ams  of  research  on  build¬ 
ing  elements  of  blast-loaded  structures  are  developed  and  discussed.  Recom¬ 
mendations  are  also  included  on  the  nature,  conduct,  and  scope  of  a  research 
program  which  is  believed  to  best  meet  the  needs  of  the  OCD  for  information 
on  the  response  of  building  elements  to  blast  loads. 

*  Raised  numbers  refer  to  similarly  numbered  items  in  the  References  at 
the  end  of  the  main  text  of  this  report. 
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A  discussion  of  the  following  relevant  factors  is  inclvided  in  this 
report:  (a)  the  state-of-the-art  of  building  elements  subjected  to  static 
and  dynamic  loads;  (b)  the  objectives  of  the  OCD  program  of  research  on 
building  elements;  (c)  the  scope  of  the  research  program;  (d)  a  classifi¬ 
cation  of  mechanisms  by  which  building  elements  fall;  (e)  a  description 
of  typical  building  elements  in  CX3D-approved  shelters,  so  that  the  specific 
type  of  failure  of  typical  building  elements  can  be  indicated;  (f)  the  ap¬ 
proach  taken  to  implement  the  research  program;  (g)  the  sequence  of  con¬ 
ducting  the  test  programs;  and  (h)  the  test  eqxilpment  and  pertinent  facili¬ 
ties  required  to  perform  the  experimental  investigations. 

The  developmental  study^  by  Wiss,  Janey,  Elstner  and  Associates  for 
the  Protective  Structiires  Development  Center  (PSDC),  the  current  and  the 
long-range  Defense  Atomic  Stq)port  Agency  (DASA)  research  programs, 3  and 
the  draft  report,  "Research  Needs  in  Structural  Engineering  for  the  Decade 
1966-1975,"^  prepared  by  the  American  Society  of  Civil  Engineers,  were  con- 
s\U.ted  frequently  in  the  development  of  this  program  and  in  the  preparation 
of  this  report.  Additional  references  pertinent  to  the  long-range  program 
are  listed  in  Reference  2  and  in  Appendix  C. 

STATE-OF-THE-ART 

The  jtate-of-the-art  for  the  ultimate- strength  design  and  analysis 
of  two-dimensional  building  elements  is,  in  general,  fairly  well  advanced 
for  structures  subjected  to  static  loads.  Edge  beams  and  slabs  with 
various  edge  conditions  are  notable  exceptions.  Other  exceptions  are  struc¬ 
tural  subassemblies  such  as  reinforced-concrete  floor  and  roof  systems,  con¬ 
nections  and  joints,  and  the  gross  response  of  subassemblies  and  structures. 
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In  1956,  the  joint  ACI-ASCE  Committee  k21  initiated  a  program  to  im¬ 
prove  current  design  procedures  for  conventional  reinforced- concrete  floor  • 
and  roof  systems.  The  test  program  was  initially  conducted  at  the  Univer- 
sity  of  Illinois r  it  was  continued  hy  the  Portland  Cement  Association. 
Results  of  this  program  contributed  to  the  Improvement  of  design  procedures 
for  working  loads'^  and  to  an  understanding  of  the  manner  in  which  typical 
floor  systems,  including  supporting  elements,  fail  under  static  loads. 

The  results  from  these  investigations  and  from  another  static-load  test  to 

O 

failure^  on  a  full-scale  reinforced- concrete  structure  indicated  that  avail¬ 
able  analytical  methods  for  predicting  or  estimating  the  ultimate  strength 
of  floor  systems  under  static  loads  are  inadequate.  Thus,  additional  well- 
planned  experimental  investigations  are  needed  to  determine  the  performance 
and  ultimate- strength  characteristics  of  complex  structures  and  systems. 

Little  information  is  available  concerning  the  \iltimate  dynamic 
strength  of  building  elements.  For  some  types  of  structural  components, 
dynamic-load  tests  have  not  been  conducted. 

OBJECTIVES 

The  objectives  of  the  research  program  proposed  herein  are:  (a)  to 
provide  information  concerning  the  performance  and  ultimate  or  eollopse 
strength  of  blast-loaded  building  elements  in  conventional  structures  iden¬ 
tified  in  the  National  Fallout  Shelter  Survey;  (b)  to  provide  criteria  to 
OCD  planners  responsible  for  predicting  possible  casualties  and/or  damage 
to  shelter  occupants  located  in  low-overpressure  regions  dxiring  a  nuclear 
attack  (Figure  l);  (c)  to  provide  information  which  would  form  the  basis 
for  insproved  blast- resistant  design  of  future  structures. 
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SCOPE 


This  program  shall  be  oriented  toward  determining  the  inherent  pro¬ 
tection  afforded  by  OCD-approved  shelters  against  blast  and  shock  effects 

upon  occupants  in  relation  to  the  structural  integrity  and  response  level 

o 

of  structureQ.  systems.  In  an  initial,  study,  accelerations  and  velocities 
of  slabs  lightly  damaged  by  blast  loads  exceeded  tolerable  limits  for 
humans  as  given  in  Reference  10.  Thus,  it  is  believed  that  biologiceil  and 
physiological  factors  must  be  programmed  into  the  research  effort  to  pro¬ 
vide  a  total  evaluation  of  protection  offered  by  sheltered  areas  frcsn  the 
effects  of  nuclear  weapons. 

CUSSIPICATION  Of'  FATUJRE  MECHANISMS 

The  mechanisms  by  which  typical  building  elements,  subassemblies, 
and  buildings  likely  will  fail  in  a  blast  environment,  togetlier  with  the 
severity  of  damage  likely  to  be  inflicted  upon  occupants  of  shelters,  are 
classified  below. 

a.  Ductile  behavior.  This  type  of  failure  may  be  ciiaracterized 
by  large  structural  deformations.  Injury  to  occ\Q>ants  is 
likely  to  be  caused  by  falling  or  moving  objects  and  motion 
of  the  occupants  relative  to  tlje  motion  of  the  structure. 

b.  Semiductile  behavior.  Tliis  type  of  failure  may  be  charac¬ 
terized  by  large  structural  defortaatioiis  followed  by  abtupt 
colli^se  of  elements  and/or  subassemblies.  lixjury  to  occu¬ 
pants  is  likely  to  be  caused  by  faliiiig  or  Jsoving  objects 
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and  collapse  of  elements  and/or  subassemblies.  Fatalities 
for  this  type  of  failure  could  be  high, 
c.  Catastrophic  failure.  This  type  of  failure  may  be  charac¬ 
terized  by  collapse  of  the  structure  or  subassemblies.  In¬ 
jury  is  likely  to  be  severe  or  fatal.  Thus,  fatalities  for 
this  type  of  failure  could  be  extremely  high. 

DESCRIPTION  OF  TYPICAL  BUILDING  ELEMENTS 

Typical  building  elements  can  be  classified  in  three  groups: 

(a)  flc*or  (and  roof)  systems;  (b)  floor-system  supporting  elements;  and 
(c)  wall  or  wall-panel  systems. 

In  general,  floor  systems  receive  their  loads  from  their  own  weight, 
including  finish  and  surfacing  material  (dead  loads),  and  from  the  weight 
of  occupants,  I'urniture,  and  any  interior  partitieavs  (live  loads). 
l«?ad®  imposed  on  floor  systems  are,  in  general,  approx imat -sly  kO  to  70 
pounds  per  squai-e  f<Kjt  (psf)  for  light  loads,  70  to  liO  psf  for  acderate 
loads,  and  110  to  150  psf  for  heavy  loads.  Blast  loads  likely  to  be  im¬ 
posed  on  such  floor  systems  in  low-overpressure  areas  may  be  from  five  tp 
twenty  thaes  tJvese  design  live  loads. 

Various  types  of  floor  systems  are  used  to  resist  U^e  dead  ai^d  live 
Icsads,  for  exasq>le:  (a)  rcinforced-cohcrete  wte-way  slab,  ojie-way  joist, 
two-way  slab,  flat-plate,  flat-slab,  waffle-slab,  aid  lift-slab;  (b)  C4r®- 
posite  steel  deck  with  topping;  and  (c)  structural  clay  tile  with  topping. 
Of  tliesc  ficK'-r  systesks,  the  two-way  siad)  (Figure  2),  titc  flat  plate 
(Figure  3),  and  the  flat  slab  (Figure  i»)  have  been  used  extensively  in  U^e 
construction  »f  major  existing  Uilldings.  In  a  recent  issue  of 


Engineering-News  Record,  it  was  reported  that  "more  concrete  is  cast  in 
flat-plate  floor  and  roof  constnictlon  than  in  any  other  structural  ele¬ 
ments  of  reinforced  concrete  buildings  in  the  U.  S."^  It  is  believed  that 
flat  plates,  flat  slabs,  and  two-way  slabs  will  fail  in  either  a  cata¬ 
strophic  or  a  semiductile  manner  under  severe  overloads  in  a  blast  environ- 
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ment  as  indicated  from  the  results  of  previous  investigations.  ’ 

Tlie  loads  from  floor  systems  are  transferred  to  the  building  frames 
and  to  the  elements  supporting  the  floor  system,  such  as:  (a)  beams, 
girders,  and  columns  (Figure  5);  (b)  beams  and  columns  (Figure  5),  hut 
without  girders*,  (c)  columns  without  and  with  capitals  (Figures  3  snd  b, 
respectively);  and  (d)  mcmolithic  reinforced- concrete  walls.  Under  dynamic 
overloads,  beams  and  girders  are  lUfcely  to  fail  in  either  a  ductile  or  a 
si-miductlle  manner,  while  columns  and  walls  are  likely  to  fail  in  a  cata- 
stroplile  manner.  Ttie  joints  and  connections  in  a  fraane  are  likely  to  fail 
in  e  semiductile  or  a  catastrophic  manner  under  severe  overloads.  In  this 
conrwetioo,  It  was  stated  In  Reference  <?;  “Ve  believe  tt»at  most  of  our 
conventional  structural  systesis  will  fail  at  sctse  comtection  between  the 
vertical  supporting  systems  and  flexural  members.  TJvc  reinforcement 
will  tear  out  of  the  supporting  column  or  walls  and  tJte  concrete  having 
already  sheared  through  will  cause  the  slab  to  drop  almost  in  one  piece. 
■Rjis  form  of  failure  is,  of  course,  undesirable  but  is  likely  in  many  of 
tte  systems  that  exist  tedey."* 

Ho  enclose  a  building  and  to  transfer  wind  loads  on  the  structure  tc 
tl^e  floor- system  supporting  elements,  various  wail  or  wail-panel  systems 
are  used.  Sane  typical  examples,  in  addition  to  monolithic  reinforced- 
concrete  wails,  are:  (a)  asasonry  (Concrete  block)  walls  (Figure  6); 


(b)  brick  and  structural  clay  tile  vails;  and  (c)  prefabricated  (concrete, 
aluminxim,  or  steel)  panels  (Figure  ?)•  Under  severe  dynamic  overloads 
masonry,  brick,  and  structural  clay  tile  walls  are  likely  to  fail  in  a  cata¬ 
strophic  manner.  The  monolithic  reinforced- concrete  walls  euKi  prefabricated 
panels  are  likely  to  fail  in  either  a  semiductile  or  catastrophic  manner. 

In  addition,  under  blast-loading  conditions,  these  walls  or  wall- panel 
systems  are  likely  to  create  missile,  fragmentation,  6uid  impact ive  problems. 

APPROACH 

The  recommended  long-renge  research  program  is  divided  into  four 
phases  (Figure  8),  which  are  coaiprised  of  both  theoretical  and  eicperimental 
investigations  (Figures  9  through  13).  The  investigations  listed  in  each 
phase  are  intended  to  be  carried  out  only  so  far  as  additional  study  is  re- 
quli-ed  to  meet  established  goals.  The  following  is  a  general  description 
of  the  studies  in  each  phase. 

Phase  1  -  Structural  Elements  (Figure  10). 

These  studies  are  printarily  experimental  in  nature  and  are  desigixed 
to  develop  a  basic  uMerstandlng  of  tixe  ultimate  dyjmic  strength  of  pri¬ 
mary  building  elements.  Wlxere  possible,  tJve  experirsental  tests  will  be 
coesplemented  by  analytical  studies  to  icgjrove  aetheds  of  dyixamlc  analysis 
uxd  design. 

Tixe  response  of  building  eieacnts  and  structural  subas!*ea^Iies  will 
be  studied  simultaneously,  where  possible. 

A  recoaoended  program  for  the  next  research  effort  is  included  in 


A{;9>endix  k.  An  analysis  of  previous  teats  and  studies  on  wall  panels  to¬ 
gether  with  a  reoQsaoeoded  prograa  of  study  is  given  in  Appcisdix  3. 
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Phase  2  -  Structural  Subassemblies  (Figure  11). 

These  studies  eu*e  designed  to  provide  insight  into  the  performance  of 
full-scale  structures  subjected  to  blast  loading.  The  ultimate  dynamic 
strength  studies  on  floor  and  roof  systems  should  be  the  dominant  study  in 
this  phase.  Two-waj'-  slabs,  flat  plates,  and  flat  slabs  should  be  investi¬ 
gated.  The  results  obtained  from  the  nine-panel  model  floor  systems  tested 

c:  _  6 

by  the  University  of  Illinois'^  and  the  Portland  Cement  Association  should 
influence  the  experimental  portion  of  these  programs.  Theoretical  studies 
should  be  tuidertaken  6ind  correlated  with  the  results  of  experimental 
investigations. 

Phase  3  -  Simple  Structures  (Figure  12). 

The  stiodies  in  this  phase  are  intended  to  provide  basic  information 
required  to  determine  the  ultimate  dsmamic  strength  in  terms  of  injury  to 
occupants  of  OCD-approved  shelters  found  in  conventional  low-rise  build¬ 
ings.  The  results  of  this  phase  and  previous  phases,  together  with  results 
of  .model  tests  on  one- story  structures,  shoxild  permit  improved  blast- 
resistant  design  procediires  for  conventional  structures  to  be  developed. 
Phase  4  -  Complex  Structural  Components  (Figure  13). 

Protection  afforded  by  major  structural  systems  housing  OCD  shelters, 
such  as  wings  in  building  complexes  and  high-rise  structures,  will  be  in¬ 
vestigated  in  this  p.hase.  Analytical  studies,  model  studies,  and,  if 
possible,  field  tests  will  be  ■undertaken. 


SEQUENCE  Or’  CONDUCTING  TEST  PROGRAMS 

It  is  I’eoommended  that  the  program  as  well  as  the  sequence  in  wldch 
partio'ular  studies  (imits  of  work)  are  to  be  investigated  should  be 
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detersiined  with  guidance  furnished  Joint  discussions  with  personnel  from 
OCD,  Stanford  Research  Institute j  and  other  organizations  associated  with 
the  research  program  on  a  yearly  basis.  The  sequence  of  conducting  the  in¬ 
vestigations  would  reflect  current  priorities,  pertinent  data  from  other 
sources,  ax^  the  availability  of  funds  and  personnel. 

FACILITIES  AND  EQUIPMENT  REQUIRED  TO  PERPOIW  INVESTIGAIIOI^ 

The  facilities  and  equipment  required  to  perform  this  research  are, 
in  general,  available  at  the  Waterways  Experiment  Station  (WES).  Such 
facilities  as  the  Large  and  Small  Blast  Load  Generators,  the  500-kip  loader, 
the  200-kip  dynamic  loader,  and  approximately  90  channels  of  recording  in- 
stnxmentation  with  peripheral  data  reduction  eqtiipment  are  available.  The 
WES  Big  Black  Test  Site  is  also  available  for  conducting  airblast  field 
tests  usi',  b-'<?h  explosives  (iffi). 

When  appropriate,  consideration  will  be  given  to  performing  tests 
15 

in  other  facilities,  such  as  the  shock  tubes  of  the  Air  Force  Weapons 
Laboratory  (AFVL),  the  conical- shock  tube  of  the  Naval  Ordnance  Laboratory 
(NOL),  the  blast  slmiilation  devices  of  the  Naval  Civil  Engineering  Lnbcra- 
tory  (NCEL),  and  others. 

APPLICATION  OP  TEST  RESULTS 

The  completion  of  the  studies  listed  in  Phase  1  and  a  portion  of 
Phase  2  should  provide  information  for  assessing  the  approximate  protec¬ 
tion  level  of  OCD  shelters  located  in  basements  and  first  floors  of  low- 
riae  buildings.  This  would  encompass  about  one-third  of  the  designated 
shelter  areas  with  respect  to  that  portion  of  the  civill6m  population 
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ixsing  OCD  shelters.  The  ccanpletion  of  the  stMies  in  Phase  3  would  possibly 
pemit  an  eval\mtion  of  approximately  two- thirds  of  the  OCD- approved  shelter 
areas.  Information  concerning  the  percentage  of  the  OCD  fallout  shelters 
that  are  located  in  basements,  low-rise  buildings,  \g>per  stories  of  multi¬ 
story  buildings,  etc.,  will  continue  to  be  i5>dated  and  reflected  in  future 
planning. 
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OFFICE  Of  CIVIL  DPaiat 
Proposed  Long  Range  Research  Program 


OBJECTIVES 

1.  Analysis  of  structures 
and  shelter  areas  for 
blast  effects  of  nuclear 
weapons . 

2.  Improve  conventional  de¬ 
sign  procedures  to  pro¬ 
vide  greatest  Inherent 
protection  from  the 
effects  of  nuclear 
weapons. 
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APPENDIX  A 


RECOMMENDED  PROGRAM  OF  RESEARCH; 
PHASE  1  AND  CALENDAR  mPS  I966-I968 


BacRgroiind 

The  floor  system  above  the  protected  area  is  most  apt  to  influence 
survival  in  a  basement-type  fallout  shelter  subjected  to  low- overpressure 
blast  loads,  \riiile  the  roof  and  wall  systems  &re  most  likely  to  influence 
survival  in  low-  and  high-rise  bxiilding  shelters. 

Two-way  and  flat  slabs  are  probably  the  most  extensively  used  floor 
systems  in  older  low-rise  and  multistory  structures.  In  the  past  decade, 
however,  flat  plates,  with  more  tisable  enclosed  volume  and  attendant 
savings  in  construction  costs,  replaced  two-way  and  flat- slab  systems  as 
the  most  widely  used  floor  system  in  major  building  construction.  Thus, 
floor  systems  in  OCD-approved  shelter  areas  in  low-rise  and  multistory 
buildings  which  were  constructed  in  urban  areas  prior  to  World  War  II  are 
likely  to  be  either  flat  slabs  or  two-v/ay  slabs,  while  the  floor  systems 
in  such  buildings  constructed  in  recent  years  sore  likely  to  be  flat  plates 
In  semiurban  areas,  two-way  slabs  are  still  likely  to  be  widely  used. 

IVo-way  slab  systems  are  likely  to  fail  in  a  semiductile  manner 

/  l4*\ 

(because  of  premature  torsional  failure  of  the  edge  beams  )  in  an  air- 

bla.st  environment,  while  flat-plate  floor  systems  designed  by  code  provi¬ 
sions  (ACI  318-56  and  -63)  are  likely  to  fall  catastrophically  (by  columns 

6  12 

punching  throiagh  the  slab  ’  ). 

*  Raised  numbers  refer  to  similarly  nianbered  items  in  the  References  at 
the  end  of  the  main  text. 
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For  the  reasons  given  in  the  previous  paragraphs,  the  next  research 
efforts  should  be  investigations  of  a  two-way  slab  system,  a  flat-plate 
system,  and  wall-panel  systems  so  that  procedxires  eind  methods  can  be  de¬ 
veloped  to  evaluate  and  improve  the  uLtimate  dynamic  or  collapse  i^-rength 
of  such  systems. 

A  program  of  research  on  two-way  slab  and  flat-plate  systems  is  de¬ 
scribed  and  developed  in  this  appendix. 

ExperimentaQ.  Program 

Two  investigations  and  one  support  study  are  recommended  to  be  tinder- 
taken  during  the  ceilendar  years  1966-I968:  two-way  slab  and  flat-plate  and 
a  support  study  of  edge  (L- shaped)  beams. 

Continuous  floor  systems  generally  have  three  types  of  panels  (Fig¬ 
ure  A.l):  interior,  edge,  and  corner  panels.  The  results  of  previous  in- 
12  lU 

vestigations  ’  indicate  that  edge  beams  of  two-way  slab  and  flat-plate 
systems  may  fail  due  to  torsional  distress,  and  flat  plates  may  fail  by 
columns  punching  through  the  slab,  under  severe  static  overloads  prior  to 
the  flexural  failure  of  the  slab  itself.  Therefore,  it  is  not  desirable 
at  this  time  to  test  a  coii5)lete  continuous  floor  system.  It  is  desirable, 
however,  to  simulate  the  action  and  stiffness  of  adjacent  panels  in  two- 
way  slabs  while  primarily  testing  a  single  panel  with  or  without  beams 
(rigidly  supported),  as  appropriate.  Initially,  it  is  desirable  to  inves¬ 
tigate  only  the  critical  sections  of  flat-plate  systems,  namely,  colxmin- 
slab  joints  «uid  edge  (l)  beams. 

Two-way  slab  Investigations.  Interior,  corner,  and  edge  panels  of 
a  niijc-panel  prototype  two-way  slab  system  (Figure  A.l)  will  be  tested  to 
failiL-e  staticjdly  and  dynamically.  The  effect  of  adjacent  panels  will 
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be  simulated  (Figures  A. 2,  A.3»  and.  A.4).  Static  test  results  will  be  com- 

ik 

pared  with  results  of  a  previous  model  investigation  of  the  prototype 
system,  and  will  provide  guidance  for  the  design  of  the  dynamic  tests  in 
the  Large  Blast  Load  Generator. 

Flat-plate  investigation.  Col\imn-slab  Joints  such  as  exist  in  flat- 
plate  systems  will  be  tested  under  concentric  acid  eccentric  static  and  dy¬ 
namic  (airblast)  loads  to  study  the  problem  of  columns  punching  through 
slabs.  Means  to  effectively  and  economically  improve  the  column- punching 
resistance  should  be  developed  from  the  tests. 

Wall-panel  investigations.  Various  types  and  configurations  of  wall 
panels,  which  will  include  on- Job  constructed  and  prefabricated  panels,  will 
be  tested  dynamically.  A  general  test  program  for  wall  panels  is  presented 
in  Appendix  B, 

Recommended  limited  support  studies.  Recommended  limited  studies  in 
si5)port  of  the  floor-system  Investigations  and  completion  of  Phase  1  are: 

(a)  edge  beams  subjected  to  dynamic  torsional  moments,  to  study  the  prob¬ 
lem  of  premature  failxire  of  edge  beams  in  two-way  slab,  flat-plate,  and 
flat- slab  floor  systems;  (b)  colxanns  subjected  to  concentrically  and  eccen¬ 
trically  applied  dynamic  overloads,  to  study  the  problem  of  column  behavior 
(and  possible  collapse)  under  such  dynamic  overloads;  and  (c)  beam-column 
Joints  (fixed-end  beams),  to  study  the  effect  of  distressed  Joints  (plastic 
hinges)  on  the  dynamic  shear  strength  of  such  connections. 

Other  limited  support  studies  will  be  recommended  after  research  in¬ 
vestigations  in  calendar  years  I966-I968  have  been  initiated. 
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Plgui'e  A.2.  Interior  panel  test  configurat: 


APRSMDIX  B 


WALL  PANELS 


Backaromid 

Walls  are  likely  to  influence  survival  of  occupants  housed  in  OCD- 

approved  fallout  shelters  located  in  above-ground  floors  in  btiildings. 

Exterior  walls  are  more  apt  to  influence  survival  than  interior  walls; 

interior  load-bearing  walls  are  more  likely  to  influence  survival  than 

nonload-bearing  walls.  Walls  and  wall  construction  vary  widely  with  the 

type  and  ptorpose  of  the  building  and  the  geogra:phic  locality;  in  addition, 

several  types  of  walls  may  be  used  in  a  building.  No  material  is  used 

exclusively  in  weiU  construction  in  the  bToilding  industry.  Wall  panels, 

curtain  walls,  and  interior  partitions  are  termed  herein  simply  walls. 

The  state-of-the-art  for  the  analysis  of  wall  panels  subjected  to 

lateral  airblast  loads  is  not  generally  well  advanced.  A  limited  number 

17  id  IQ^ 

of  experimented  studies'^'’  ’  ^  to  determine  the  resistance  of  walls  to 
lateral  uniform  static  loads  and  lateral  airblast  loads  have  been  con¬ 
ducted.  The  most  extensive  investigations  were  conducted  in  a  Nevada 
field  test  under  Operation  UPSHOT  -  KNOTHOLE. In  the  Nevada  test, 

72  simulated  fxlLl- scale  walls  constructed  of  various  types  of  materials 
and  construction  were  tested.  Eighteen  panels  with  openings  and  eighteen 
without  openings  were  tested  at  two  overpressure  levels.  The  walls,  con¬ 
sidered  typical  of  conventional  construction,  included  8-  and  12- in. 
solid  brick  and  cinder  block,  tile  and  brick  veneers,  corrugated- steel 

*  Raised  numbers  refer  to  similarly  numbered  items  in  the  References  at 
the  end  of  tho  main  text. 
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sections,  and  precast  reinforced-concrete  channels.  Dynamic-deflection 
and  pressure  measvirements,  pretest  and  posttest  vis\ud  surveys  were  made. 

It  was  fotind  from  these  tests  that  (a)  the  resistance  of  walls  to 
dynamic  pressures  is  significantly  srffected  by  as  much  as  15  percent 
openings  (aperture)  compared  to  a  similar  wall  without  an  opening,  (b)  in¬ 
terior  partitions  behind  exterior  walls  with  a  15  percent  opening  may  be 
expected  to  collapse  before  collapse  of  the  exterior  wall  occvtrs,  and 
(c)  missiles  and  fragments  from  exterior  walls  are  blown  with  considerable 
velocity  against  the  interior  partitions.  The  results  of  the  Nevada  tests 
fvirther  indicate  that  wall  panels  constructed  of  brick  and  block  are,  in 
general,  brittle,  and  their  resistance  to  blasb  loads  is  significantly  af¬ 
fected  by  edge  conditions.  Unforttuiately,  pressure  records  were  not  ob¬ 
tained  for  36  of  the  72  wall  panels. 

Classification  of  Walls 

Several  types  of  walls  likely  to  be  \ased  in  areas  designated  as  OCD 
fallout  shelters  are  listed  in  Table  Bl.  The  wall  types  are  categorized 
according  to  their  usage  and  their  probable  relative  influence  upon  sur¬ 
vival  of  occupants  and  things  from  the  effects  of  the  dynamic  reflected 
pressures  (not  to  be  confused  with  overpressure)  from  a  nuclear  explosion. 

Prefabricated  Walls.  In  the  post-World  War  II  period,  high-rise 
buildings,  prefabricated  exterior  walls  and  wall  sections  were  commonly 
used.  In  modern  commercial,  office,  and  residential  buildings,  glass, 
and  prefabricated  panels  such  as  shown  in  Figure  7  of  the  main  text  art; 
common.  Corrugated- steel  panels  are  occasionally  used  in  warehouses  and 
storage  buildings,  while  reinforced-concrete  structural  sections  (T-bcamo, 
channel  sections)  are  frequently  used  in  low-rice  and  smaller  commercial 
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buildings  such  as  shopping  centers  and  professional  centers. 

The  blast  resistance  of  some  types  of  siJiple  prefabricated  vails  such, 
as  corrugated- steel  sections  can  be  predicted  reasonably  accurately;  how¬ 
ever,  additional  tests  on  other  types  of  prefabricated  panels  are  desirable. 

In-Place  Constructed  Walls.  The  majority  of  wall  areas  in  existing 
buildim-G  in  the  United  States  are  probably  the  in-place  constructed  type. 
The  most,  common  types  of  in-place  constructed  walls  are  brick,  concrete 
block,  and  cinder  block.  Concrete  and  cinder  blocks  with  brick  exterior 
facing  (veneer)  are  connnonly  used  as  exterior  walls  of  low-rise,  small 
(urban)  buildings  and  in  some  high-rise  structwes,  particularly  in  older 
structures.  Exterior  and  Interior  walls  of  concrete  and  cinder  block 
( see  Figure  6)  are  widely  iised  in  various  types  of  commercial  and  public 
buildings . 

In  buildings  utilizing  in-place- constructed  walls  the  exterior  walls 
are  likely  to  be  constructed  of  6-  and  8- in.  concrete  and  cinder  blocks. 

The  interior,  nonload- bearing  walls  are  likely  to  be  constructed  of  4-  and 
6- in.  blocks.  Concrete  and  cinder  blocks,  brick,  and  brick  veneers  may 
be  either  reinforced  or  unreinforced.  Reinforced- concrete,  tile,  euid  tile- 
brick  veneers  are  not  as  widely  used  as  brick  or  block  construction. 

It  is  believed  that  the  primary  effort  for  the  wall-panel  study  should 
be  addressed  to  experimental  investigations  to  determine  the  blast  resis¬ 
tance  of  and  protection  provided  by  walls  constructed  of  bricks,  blocks, 
and  block-brick  veneers.  Reinforced  and  unreinforced  panels  with  and  with¬ 
out  openings  should  be  Investigated.  Concurrent  with  the  investigations 
lo  determine  the  blast- resistant  strength  of  the  brick  and  block  walls,  the 
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potential  hazard  to  people  and  equipment  created  by  missiles  and  fragments 
from  failed  wall  sections  should  be  studied. 

Recommended  Experimental  Program 

It  is  recommended  that  experimental  tests  be  conducted  to  determine 
the  collapse  strength  of  the  more  common  in-place  constructed  walls  (brick, 
cinder  and  concrete  blocks)  subjected  to  static  and  lateral  airblast  loads. 
In  order  to  take  advantage  of  the  quantity  of  data  avai.lable  from  the 
Nevada  tests,  it  is  recommended  that  the  initial  experimental  tests  in  the 
laboratory  be  conducted  on  in-place  constructed  panels  similar  to  those 
previously  tested  in  Operation  UPSHOT  -  KKOTKOLE.^^’^^  In  addition  to  the 
blast  resistance  of  individual  wall  panels  of  different  materials  and  con¬ 
struction,  the  following  areas  require  systematic  study  in  order  that  the 
resistance  of  OCD-approved  shelters  located  above  ground  can  be  evaluated 
aydeq^lately: 

a.  The  pressure-time  distribution  on  solid  walls  and  on  both 
sides  of  walls  with  different  percentages  of  openir;gs  sub¬ 
jected  to  incident  pressure. 

b.  The  blast  resistance  of  in-place  constructed  walls  partially 
restrained  fro©  lateral  movement. 

c.  The  blast  resistance  of  exterior  and  interior  walls  partially 
supported  by  adjoining  Interior  partltiwis  and  space  dividers. 

d.  The  resistance  of  walls  to  lateral  in-place  loading,  i.c. 
lateral  IcNods  on  the  ends  of  the  walls  Uiat  act  parallel  and 


in  litu!  with  the  vail. 
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Exterior  and  Interior  Wall  Types 


_ Prefabricated 

Corrugated  steel 

Reinforced-concrete  sections 
(T-besms,  channels »  etc.) 

Asbestos- ceaent 

Aluainm  siding 

Glass  panels 

Architectural  shapes 


load  Bearing 

Concrete  and  cinder  block 
(6-  and  S-ia.  cocnoa) 

Reinforced  concrete 
(shear  walls) 


Exterior 

_ In-Place  Constructed 

Brick 

Concrete  and  cinder  block 
(4-  and  6- In.  comcpon) 

Clay  tile 

Concrete,  cinder  block,  and  brick 
veneers 

Tile  and  brick  veneers 
Reinforced  concrete 
Other 

Interior 

Sanload  Bearing 

Concrete  and  cinder  block 
Tile 

Wood,  wood  construction 
Prefabricated  sections 
Space  dividers 
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